To understand the eects of ionizing radiation on thyroid cells, we investigated the role of p53 in mediating apoptosis and in DNA repair following in vivo and in vitro irradiation of thyroid cells. In vitro exposure of human thyroid cells to ionizing radiation of up to 5 ± 8 Gy failed to induce apoptosis in primary cells. The same results were obtained when the thyroid gland was irradiated in the intact rat. To explore the mechanism of failure of the wild-type p53 in inducing apoptosis in thyroid cells, we investigated the expression of apoptosisrelated genes, bax, bcl-2 and fas/APO-1 following irradiation or induction of temperature-sensitive p53. The expression of Bax, Bcl-2 and Fas/APO-1 in human primary cultured thyroid cells did not change after irradiation. To further con®rm the results, we established a clonal cell line (tsFRO) in which a temperature sensitive p53 (Val138) expression vector was stably transfected to a thyroid carcinoma cell line lacking endogenous p53. Incubation of tsFRO cells at the permissive temperature for three days, however, did not induce apoptosis although G 1 arrest was noted. Although enhanced expression of the bax mRNA level was observed, the expression of Bax, Bcl-2 and Fas/APO-1 protein did not change by shifting tsFRO cells to permissive temperature as well as irradiated primary cells. Furthermore, DNA end-jointing ability was examined by transfection of linearized luciferase plasmid into tsFRO cells. Increased luciferase activity occurred when the cells were cultured at the permissive temperature, indicating that the wild-type p53 enhances DNA end-jointing activity. Our results indicate that the wild-type p53 does not lead to apoptosis but facilitates DNA end-jointing in thyroid cells. These results may re¯ect speci®c responses in thyroid cells following irradiation.
Introduction
Exposure to ionizing radiation and chemotherapeutic anti-cancer drugs induces DNA damage including double strand breaks in cells, and subsequently evokes a variety of cellular responses including growth arrest and programmed cell death, also called apoptosis, resulting in promotion of DNA repairs and elimination of DNA damaged cells, respectively (Kastan et al., 1991; Kuerbitz et al., 1992; Lowe et al., 1993) . Aberrations in pathways of cell cycle arrest and apoptosis are thought to contribute to tumorigenesis. Several studies have shown that the p53 protein plays a central role in determining the cellular response to ionizing radiation (Yonish-Rouach et al., 1991 Ryan et al., 1993; Hartwell and Kastan, 1994) . The introduction of wild-type p53 (wt p53) to cells lacking endogenous wt p53 induces cellular speci®c responses similar to those observed after exposure to DNA damaging agents such as ionizing radiation. For example, introduction of wt p53 induces G 1 arrest and apoptosis in myeloid leukemia cell lines, but causes G 1 arrest in ®broblast cell lines (Baker et al., 1990; Selvakumaran et al., 1994) . Numerous studies have shown that wt p53 is stabilized after irradiation and then acts as a transcriptional activator by binding directly to speci®c DNA sequences of speci®c genes, including p21/waf-1, gadd45, bax, mdm2, cyclin G, fas/ APO-1 and tgf-a (Kern et al., 1992; Vogelstein and Kinzler, 1992; El-Deiry et al., 1993; Carrier et al., 1994; Wu et al., 1993; Okamoto and Beach, 1994; Miyashita and Reed, 1995; Owen-Schaub et al., 1995; Shin et al., 1995) . In addition to sequence-speci®c DNA binding, p53 protein binds nonspeci®cally to double-strand and single-strand DNA (Steinmeyer and Deppert, 1988; Kern et al., 1991) . This function might be important in processes associated with DNA repair, such as recognition of DNA damage (Lee et al., 1995) .
The sensitivity to irradiation varies widely from one organ to another. Epidemiological studies of Atomic bomb survivors in Nagasaki and Hiroshima and of the children living around Chernobyl showed an increased risk for thyroid cancer, suggesting that the thyroid epithelial cell seems to be sensitive to the transforming action of ionizing radiation Ezaki et al., 1991; Kazakov et al., 1992) . Investigation of the molecular mechanism of papillary thyroid cancers of children who were exposed to the Chernobyl accident showed a high prevalence of rearrangement of ret proto-oncogene in these tumors (Fugazzola et al., 1995; Klugbauer et al., 1995) . Furthermore, in vitro external irradiation identi®ed ret rearrangement (ret/PTC-1) in human thyroid cancer cell lines (Ito et al., 1993) . Although ionizing radiation may stimulate aberrant recombination events to cause chromosome rearrangements and promote tumorigenesis in thyroid cells, the exact cellular physiological responses to irradiation in human thyroid cells remain unclear. Our previous study showed that ionizing radiation induced signi®cant accumulation of p53 and subsequently induced p21/waf-1 gene expression, resulting in G 1 arrest in primary thyroid cells (Namba et al., 1995) . A thyroid speci®c response to irradiation was observed consisting of deregulation of gadd45 gene expression.
To further understand the eects of ionizing radiation on thyroid cells, we focused in the present study on the role of p53 and examined two main pathways of cellular response, apoptosis and DNA repair, by inducing p53 expression. Regulation of p53 downstream the target genes after irradiation was ®rst examined using primary cultured thyroid cells and then temperature-sensitive p53 expression vector transfected cells (tsFRO cells) were analysed. The results showed that neither radiation exposure nor wt p53 overexpression induced apoptosis of thyroid cells despite the induction of G 1 arrest. On the other hand, DNA end-joining activity was clearly promoted by induction of the wild-type p53 in thyroid cells.
Results

Radiation does not induce apoptosis of thyroid cells in vitro or in vivo
To investigate the extent of radiation-induced apoptosis in primary thyroid cells, the cells were exposed to ionizing radiation of up to 5 Gy. The DNA was isolated 48 h after irradiation and analysed by agarose gel electrophoresis. In the presence of TSH or serum, DNA fragmentation was not detected in non-irradiated as well as irradiated cells (Figure 1a) . Furthermore, after staining with a DNA-binding dye, Hoechst 33258, apoptotic nuclear changes such as chromatin condensation and nuclear fragmentation were examined under¯uorescence microscopy. Irradiation caused only a few morphological changes in the nuclei (Figure 1b) . To con®rm that irradiation does not induce apoptosis of thyroid epithelial cells in vivo, Wistar-Furth rats were exposed to 8 Gy gradiation. Thyroid and thymus tissue samples were obtained 8 h after irradiation and tissue sections were evaluated by TUNEL method (Gorczyca et al., 1992) . TUNEL positive cells containing a high number of apoptotic cells were detected in the thymus (Figure 1c ; right panel). In contrast, only a few apoptotic cells were observed in thyroid tissues except for endothelial cells (Figure 1c ; left panel).
Expression of p53 downstream genes in primary thyroid cells following irradiation
To investigate intracellular human thyroid cell responses to irradiation, we examined the changes in expression of Fas/APO-1, Bcl-2, Bax and p21/WAF-1 protein and bax mRNA following irradiation of human primary thyroid cells. As shown in Figure 2a , the expression of Fas/APO-1, Bcl-2 and Bax protein in these cells did not change by exposure to radiation. In contrast, the expression of p21/WAF-1 increased in a dose-dependent manner after irradiation, consistent with the results described in our recent report (Namba et al., 1995) .
Total RNA was extracted 8 h after irradiation and analysed by Northern blotting. Radiation exposure caused twofold increase in the expresion of bax mRNA, but not that of control cyclophilin mRNA in primary thyroid cells (Figure 2b ). G 1 arrest, but not apoptosis, was observed at permissive temperature in temperature-sensitive p53 (p53 ts ) transfectants
To examine the eect of wt p53 on apoptosis or G 1 arrest in thyroid cells, human anaplastic thyroid carcinoma cell lines (FRO) that lack endogenous p53 protein, were transfected with a temperature-sensitive p53 (Val 138) expression plasmid (Yamato et al., 1995) . The cell clones were selected by G418 and p53 expression was con®rmed by Western blot analysis (Figure 3a To examine p53-induced G 1 arrest in tsFRO cells, we analysed the DNA content pro®les by¯ow cytometry (Figure 3c ). Following a shift to permissive temperatures, G 1 arrest was observed in tsFRO cells. In contrast, no increase in the proportion of cells in G 1 phase was noted in neoFRO cells. Considered together, these results indicate that wt p53 transactivated downstream genes, and then resulted in G 1 arrest at permissive temperature.
To investigate p53-dependent apoptosis of thyroid cells, we examined the extent of DNA fragmentation and apoptotic nuclear changes. Jurkat actue Tlymphoblastic leukemia cell lines (JK) underwent apoptotic DNA fragmentation following serum withdrawal, but no DNA fragmentation was observed in tsFRO or neoFRO cells (Figure 4a ). Furthermore, staining with Hoechst 33258 dye did not display signs of chromatin condensation in the nuclei. In spite of development of apoptosis in Jurkat cells, that were transfected with the p53 (Val 138) expression vector, at the permissive temperature (Yamato et al., 1995) , no apoptotic cells were noted in p53-expressing cell lines even after extended incubation at the permissive temperature ( Figure 4b ).
serum (-) serum ( To investigate whether overexpression of wt p53 in thyroid cells could change the expression of apoptosisrelated genes, Western blot analysis of Fas/APO-1, Bcl-2 and Bax protein expression and Northern blot analysis of bax and p21/waf-1 mRNA expression were performed. Expression of p53 protein was observed both at non-permissive and permissive temperatures in tsFRO cells, because PAb421 and PAb1801 antibodies recognizing the wild-type and mutant conformation of human p53. Bax, Fas/APO-1 and Bcl-2 protein were approximately equally expressed on tsFRO and neoFRO cells after shifting to permissive temperature ( Figure 5a ). In contrast, Northern blot analysis showed that bax and p21/waf-1 mRNA were higher expressed on tsFRO cells at permissive temperatures than at nonpermissive temperature (Figure 5b ). This enhanced expression was not observed in neoFRO cells.
Increased eciency of DNA end-jointing activity in p53 ts transfectants at permissive temperature To examine the role of p53 in DNA repair, we analysed DNA end-jointing activity in thyroid cells by luciferase expression vector. The plasmids were digested at the middle of the luciferase coding region with the restriction enzyme EcoRV (Figure 6a ) and then transiently transfected to the cells. Cells with more ecient end-jointing function should reactivate the luciferase gene to a greater extent. The cells were cultured, 48 h after transfection, at permissive or nonpermissive temperature for speci®ed time intervals. The proteins were extracted and then analysed for luciferase activity. A signi®cant increase in luciferase activity was observed in neoFRO cells at 32.58C compared with at 37.58C, due to the slow degradation rate of luciferase protein at 32.58C compared with 37.58C (data not shown). In tsFRO cells, luciferase activity was a three to sixfold higher at the permissive temperature. The eciency of DNA end-jointing activity was further enhanced at longer incubation periods (Figure 6b ).
Since wt p53 might repress transcription from the SV40 promoter in luciferase vector, we con®rmed our results by determining semiquantitatively the amount of re-ligated plasmids using PCR (Figure 6c ). Primers P1, P2, P3 and P4, were designed as shown in Figure  6a . The predicted 350 bp ampli®ed products using primers P2 and P4 were detected in tsFRO cells at permissive and non-permissive temperatures, but the amount of the ampli®ed products at non-permissive temperature was less than that at permissive temperature, suggesting that p53 (Val138) is minimally involved in DNA end-jointing activity even at nonpermissive temperature. In contrast, no PCR products were obtained in control neoFRO cells when incubated at permissive and non-permissive temperatures ( Figure  6c , upper panel; lanes 4 and 5). Equal amounts of ampli®ed products by primers, P1 and P3, were observed in all lanes except negative control lane 2 (Figure 6c, lower panel) . Considered together, the results suggest that the cellular responses to DNA damage may be critical in inducing wt p53 and that wt p53 participates in the process of DNA blunt endjointing in thyroid cells.
Discussion
The major ®nding of the present study was that exposure to 5 ± 8 Gy external ionizing radiation did not lead to apoptosis of thyroid cells in vitro and in vivo. The resistance to p53-dependent apoptosis by thyroid cells was also con®rmed using p53 ts expression vector transfectants, although induction of G 1 arrest occurred at permissive temperature. The ®ndings are consistent with the clinical evidence that anti-cancer drugs, such as etoposide and bleomycin, have little eect in patients with dierentiated thyroid carcinoma (DeGroot, 1986) .
Apoptosis following ionizing radiation is probably dependent on the physiologic state of the cells. In rapidly growing cells, such as thymocytes and intestinal crypts, induction of apoptosis may depend to a large extent on deregulation of the cell cycle. Overexpression of cell cycle-related proteins, e.g. c-Myc and E2F, facilitates p53-dependent apoptosis in ®broblasts (Hermeking and Eick, 1994; Wu and Levine, 1994) . The hypothesis that deregulation of the cell cycle leads to p53-dependent apoptosis supports the observation of the low clonal eciency of wt p53 expression vector transfectants in rapidly growing thyroid cancer cell lines, including FRO cells . However, the hypothesis does not satisfactorily explain the failure of tsFRO cell to undergo apoptosis after shifting to permissive temperature. An alternative mechanism for the dierent cellular response to ionizing radiation may be the critical dependence on inducible genes in dierent tissues (Kitada et al., 1996) . We examined the extent of changes in the expression of three apoptosis-related genes, bax, bcl-2 and fas/APO/1 genes. The expression of these genes has been previously demonstrated to be regulated by wt p53. Bcl-2 plays a role in promoting cell survival and inhibition of apoptosis, including the p53-dependent apoptosis pathway (Tsujimoto and Croce, 1986; Sawyers et al., 1991; Williams, 1991; Strasser et al., 1994) . Previous studies showed that Bcl-2 expression was down-regulated by wt p53 Selvakumaran et al., 1994) . Furthermore, several Bcl-2 related proteins, including Bax, Bcl-xL, Bcl-xS, Mcl-1 and Bad have been identi®ed (Boise et al., 1993; Kozopas et al., 1993; Lin et al., 1993; Oltvai et al., 1993; Yang et al., 1995) . Among these, the bax gene has p53 consensus binding site on the promoter region and acts as one of the p53 downstream genes (Selvakumaran et al., 1994; Miyashita and Reed, 1995) . The coding protein of bax forms homodimer and heterodimer with Bcl-2. Increased expression of Bcl-2 and diminished expression of Bax have been observed in several tissues in the p53-knockout mice . In addition, Bax overexpression facilitates apoptosis of M1 cells (Oltvai et al., 1993) . Therefore, p53-dependent apoptosis seems to be mediated by shifting the balance between Bax and Bcl-2 in cells.
Fas/APO-1 is also a protein known to trigger apoptosis upon ligand or speci®c antibody binding. Upregulation of Fas/APO-1 expression is high in K562 erythroleukemia cells that are stably transfected with p53 ts plasmid vector at permissive temperature, although the p53 binding site has not yet been con®rmed on the promoter region (Owen-Schaub et al., 1995) . In contrast to these early observations, the expression of Bcl-2 and Fas/APO-1 in the present study did not change and p53 overexpression was not observed after irradiation of two types of cultured thyroid cells. In spite of increased bax mRNA expression, exposure to radiation or wt p53 induction did not change the level of Bax proteins, resulting in no apoptosis of thyroid cells. Previous data showed regulation of bax gene expression on transcription level; a signi®cant selective induction of expression of bax in p53-dependent apoptosis-prone cell lines following exposure to radiation, but not in apoptosisresistant cell lines (Zhan et al., 1994) . Our results suggest that the expression of Bax is regulated not only on transcription level but also on translation level. The lack of change in expression of the apoptosis-related proteins may explain the resistance of thyroid cells to apoptosis.
Molecular analysis has identi®ed mutations of several cancer genes (i.e. ras, gsp, TSH receptor, ret/ PTC, trk and p53) in spontaneously occurring thyroid cancers, and a sequence of genetic events has been proposed based on the relative prevalence of these defects in various tumor phenotypes (for review, see Fagin, 1994) . Mutations of ras oncogenes and ret oncogene rearrangements (ret/PTC) are thought to occur early in the process of thyroid tumorigenesis (Namba et al., 1990; Viglietto et al., 1995) , and are predominantly seen in dierentiated thyroid tumors with follicular and papillary phenotypes, respectively (Lemoine et al., 1989; Grieco et al., 1990) . The prevalence of ret/PTC in papillary thyroid cancer is approximately 10 to 30% and may vary from one 6) . The data are representative results of one of three separate experiments region to another (Klugbauer et al., 1995) . On the other hand, unlike other cancers including colon cancer , p53 mutations are restricted to undierentiated and anaplastic thyroid cancers, indicating that mutations of p53 gene are only related to progression occurring at a late stage, but not to the onset of thyroid tumorigenesis (Ito et al., 1992; Fagin et al., 1993) . The prevalence of thyroid malignancy in children living around Chernobyl is high. Analysis of thyroid tumor tissues from these children identi®ed two characteristic features in these irradiation-induced tumors compared with spontaneous thyroid cancers. First, they are aggressive cancers, almost all are of papillary type and often invade the neighboring tissues (Williams, 1994) . Second, genetic analysis revealed a relatively high prevalence of ret/PTC (approximately 60%) (Fugazzola et al., 1995; Santoro et al., 1996) , whereas very few point mutations of p53 and ras genes were detected (Nikiforov et al., 1996) . These ®ndings suggest that thyroid tumors occurring around Chernobyl were caused by exposure to ionizing radiation known to cause double strand breaks of genomic DNA.
It should be noted that development of cancer after exposure to irradiation speci®cally in the thyroid gland may also be related to iodine uptake. Unfortunately, no one has yet evaluated the eect of a large amount of 131 I and other short-lived radionuclides on thyroid gland function in children particularly during the early stages of the Chernobyl accident. Based on results of previous retrospective studies, however, exposure to external radiation may induce thyroid tumors in subjects at high risk (Maxon, 1987; Schneider et al., 1985; Ron et al., 1995) , the thyroid gland itself may be sensitive to tumorigenesis of external ionizing radiation alone or in combination with internal radiation. But a good in vitro model for investigating the cellular response to external or internal irradiation in thyroid cells is not available, because almost all human thyroid cell lines have genetic defects including p53 gene mutations.
To evaluate the repair capability of DNA double strand breaks in thyroid cells, we established in the present experiment the temperature-sensitive p53 expression vector transfectants to allow us to examine the eect of wt p53 on DNA end-jointing. There is large evidence supporting a direct involvement of p53 in cellular DNA replication and DNA repair (for review, see Ko and Prives, 1996; Smith and Fornace, 1996) . Double strand break repair is considered as a complex process requiring several factors such as RAD51, DNA helicases, e.g. Ku autoantigen (Suwa et al., 1994; Tuteja et al., 1994) , and exonucleases. Wt p53 interacts with RAD51 and exerts inhibitory eects on the biological activities of RAD51 protein in vitro (StuÈ zbecher et al., 1996) . On the other hand, another recent study showed that wt p53 protein displays an intrinsic exonuclease activity (Mummenbrauer et al., 1996) . Our results con®rmed that DNA end-jointing activities were promoted by wt p53 induction in thyroid cells, consistent with the fact that ret/PTC rearrangements have been identi®ed exclusively in papillary thyroid cancer, but not other cancers in vivo (Grieco et al., 1990 ).
In conclusion, we observed that thyroid cells with DNA damage induced by exposure to ionizing radiation are relatively resistant to apoptosis. Since the induced expression of wt p53 facilitates DNA endjointing in thyroid cells, wt p53, which is stabilized following irradiation, may play an important role in the repair of DNA double strand breaks. However, abnormal repair such as DNA rearrangement and deletions may also occur in few cells. This ®nding is consistent with the observation that ret rearrangement was restricted to dierentiated thyroid cancers with endogenous wt p53. It should be noted that thyroid cells with chromosomal rearrangements of cancer related genes, such as radiation-induced ret/PTC activation, may undergo malignant transformation.
Materials and methods
Cell culture
For primary thyroid cells, thyroid tissue samples were obtained during subtotal thyroidectomy in patients with hyperthyroid Graves' disease. Thyroid cells were isolated and 99% of these cells were con®rmed to be thyroid epithelial cells using the method described previously by Kawabe et al. (1989) . The primary cells were cultured in 2 : 1 mixture of F12 Nutrient Mixture and DMEM supplemented with 3% fetal bovine serum (FBS). Human anaplastic thyroid carcinoma cell lines FRO that lack p53 (Namba et al., 1995) , were obtained from Dr JA Fagin, University of Cincinnati, Ohio, and incubated with RPMI 1640 containing 10% FBS.
Assays for apoptosis
To examine the eect of radiation on cell nuclei, the cells were ®xed in 4% buered paraformaldehyde for 30 min at room temperature and then stained with the DNA binding dye, Hoechst 33258 (Sigma Chemical Co, St. Louis, MO) at a concentration of 0.6 mg/ml for 15 min. Chromatin condensation was examined with Olympus BH-2 microscope under u.v. illumination. Apoptosis was examined using more than 300 cells. DNA fragmentation was examined using the method of Yonish-Rouach et al. (1991) . We separated 3 mg of cellular DNA electrophoretically on a 1.5% agarose gel and was visualized by ethidium bromide staining.
Wistar-Furth rats were irradiated with a whole-body dose of 8 Gy. The rats were sacri®ced 8 h later, the thyroid gland and thymus were collected and stained using the TUNEL method. TUNEL staining was performed using the Apop TagH in situ apoptosis detection kit (Oncor, Inc).
Plasmids
The p21/waf-1 and bax cDNAs were generated by RT ± PCR from primary thyroid cells and con®rmed by sequencing using a 373A DNA sequencing system (Applied Biosystem Japan, Tokyo). Mutant p53 cDNA (138, Ala to Val) was generated from wt p53 cDNA by a site-directed mutagenesis kit (Clontech) and then subcloned into the pRc/CMV vector (Invitrogen).
Temperature-sensitive p53 (codon 138 val) transfected thyroid carcinoma cell line FRO cells were transfected with the pRc/CMV vector or pCMV-p53Val138 by the lipofectin method. The cells were selected with G418 (400 mg/ml) for 3 weeks and then cloned using a cloning cylinder. For cell proliferation study, the cells were plated at a density of 10 3 cells/well in 96-well plates. After 24 h plating, the cells were cultured at permissive or non-permissive temperature for 1 ± 4 days, and then assayed for parameters of cell growth by a Cell Counting kit (Wako Chemical, Japan) based on MTT assay.
Analysis of the cell cycle was performed using the method of Krishan (1975) . The cells were cultured in serum-free medium and incubated at 32.58C or 37.58C for 24 h. After ethanol ®xation, the cells were washed twice with PBS and incubated at 378C for 60 min with 20 ml of 1.0 g/L ribonuclease (Sigma). After centrifugation, the cells were resuspended in 2 ml of 50 mg/L propidium iodine (Sigma) in PBS for at least 60 min, and then analysed by¯ow cytometry using an argon ion laser¯ow cytometer (Pro®le model, Coulter, Hialeah, FL).
Western blotting
Protein was extracted and detected by SDS-polyacrylamide gel electrophoresis as described previously (Namba et al., 1995) . After transferring the protein to an immobilon membrane (Millipore, Bedford, MA), it was incubated for 30 min with antibody against p53 (Transduction Laboratories, Lexington, KN and Oncogene Science, Uniondale, NY, PAb421 and PAb1801), p21 (PharMingen, San Diego, CA), Bcl-2 (Oncogene Science), Bax (PharMingen) and Fas/APO-1, which was generously provided by T Koji (Nagasaki University, Japan). The protein level was analysed using the enhanced chemiluminescence system (Amersham Corp, Arlington Heights, IL).
RNA isolation and Northern blot analysis
The cells (1610 6 ) were initially irradiated and incubated for 8 h. Total RNA was prepared by the acid guanidine isothiocyanate method. Northern blot analysis was performed as described previously (Namba et al., 1993) . The membranes were exposed to X-ray ®lm for 24 h with an intensi®er screen, and analysed with a densitometer (BAS 2000, Fuji Film Co. Tokyo) . The blots were also rehybridized with cyclophilin cDNA.
DNA end-jointing assay
The plasmid pGL2-Control Vector (Promega, Madison, WI) encoding luciferase, was digested with the restriction enzyme EcoRV, containing a recognition site located in the luciferase coding region. The cells were plated at 1610 5 / cm 2 on 10 cm diameter dishes for DNA end-jointing assay. Twenty-four hours later, the cells were co-transfected with cut or uncut pGL2-control plasmid and pSV-b-galactosidase plasmid (Promega) as internal standard with lipofectin (Gibco BRL). The cells were cultured, 48 h after transfection, at 37.58C or transferred to 32.58C for various time intervals. In the next step, the cells were scraped into phosphate-buered saline (PBS) and collected by centrifugation and lysed with a lysis buer (Promega). Duplicate lysates were assayed for b-galactosidase using a spectrophotometer to control for transfection eciency, and for luciferase activity by a luminometer. The DNA was extracted from the pGL2 transfected cells using a DNA extractor WB kit (Nippon gene, Japan) and digested with KpnI restriction enzyme to linearize the plasmid. The DNA (500 ng) was ampli®ed by the PCR assay according to the following protocol. Initial denaturation at 948C for 2 min followed by 30 cycles of denaturation at 948C for p53 mediates DNA end-jointing activity in thyroid cells T Yang et al 60 s, primer annealing at 558C for 30 s and extension at 728C for 30 s. Primers, P1 ± P4, were designed as shown in Figure 6a . P2 and P4 were selected at 5'-and 3'-side sequences of EcoRV recognition site of pGL2 plasmid as a sense and antisense primer, respectively.
